Sonoporation by ultrasound-activated microbubble contrast agents: effect of acoustic exposure parameters on cell membrane permeability and cell viability.
This work investigates the effect of ultrasound exposure parameters on the sonoporation of KHT-C cells in suspension by perflutren microbubbles. Variations in insonating acoustic pressure (0.05 to 3.5 MPa), pulse frequency (0.5 to 5.0 MHz), pulse repetition frequency (10 to 3000 Hz), pulse duration (4 to 32 micros) and insonation time (0.1 to 900 s) were studied. The number of cells permeabilised to a fluorescent tracer molecule (70 kDa FITC-dextran) and the number of viable cells were measured using flow cytometry. The effect of exposure on the microbubble population was measured using a Coulter counter. Cell viability and membrane permeability were found to depend strongly on the acoustic exposure conditions. Cell permeability increased and viability decreased with increasing peak negative pressure, pulse repetition frequency, pulse duration and insonation time and with decreasing pulse centre frequency. The highest therapeutic ratio (defined as the ratio of permeabilised to nonviable cells) achieved was 8.8 with 32 +/- 4% permeabilization and 96 +/- 1% viability at 570 kPa peak negative pressure, 8 micros pulse duration, 3 kHz pulse repetition frequency, 500 kHz centre frequency and 12 s insonation time with microbubbles at 3.3% volume concentration. These settings correspond to an acoustic energy density (E(SPPA)) of 3.12 J/cm(2). Cell permeability and viability did not correlate with bubble disruption. The results indicate that ultrasound exposure parameters can be optimized for therapeutic sonoporation and that bubble disruption is a necessary but insufficient indicator of ultrasound-induced permeabilization.